A newly developed coastal model FESOM-C based on three-dimensional unstructured meshes and finite volume is applied to simulate dynamics of the southeastern part of the North Sea. Variable horizontal resolution enables using meshes that are coarse in the open sea but refined in the shallow areas (which include the Wadden Sea and the estuaries) to resolve important small-scale process (such as wetting and drying, sub-mesoscales eddies and dynamics of steep coastal fronts). Model 5 results for the simulation for the period between January 2010 and December 2014 agree reasonably well with data from numerous autonomous observation stations with high temporal and spatial resolution, located in the region, data from ferry boxes and glider expeditions. The analysis of numerical solution convergence on meshes with different horizontal resolutions allows identifying areas where high mesh resolution (wetting and drying zones, shallow areas) and low mesh resolution (open boundary, open sea, and deep regions) are optimal for numerical simulations.
. Bathymerty of the south part of the North Sea (colored contours, data from EMODnet Bathymetry portal), black lines show the mesh used for the 5-year run. a) is a full domain, b) is a zoom to the Cuxhaven -Helgoland area (the Southeastern part of the full mesh).
Background map is done using openstreetmap.org ( © OpenStreetMap contributors 2019. Distributed under a Creative Commons BY-SA License.).
Preliminary sensitivity studies have shown that perturbation in initial fields of temperature and salinity are compensated after one year of simulations in such a way that the model solutions with different initial conditions are very close after the first year.
Initial conditions for one-year spin-up runs were constructed from TRIM-NP model results (Weisse et al. (2015) ).
Open boundary for temperature, salinity and elevation
To prescribe temperature and salinity at the open boundary two data sets were used. The first set of experiments was performed 130 with the open boundary data from TRIM-NP model interpolated on FESOM-C mesh. With time resolution of 5 days. Several sensitivity runs performed with various time resolutions indicated that 5 days offers a reasonable compromise between the performance and solution convergence. TRIM-NP model has a significant salinity bias (model values are fresher than observed) in the south part of the North Sea region (Pätsch et al. (2017) ). Lower salinity prescribed at the open boundary resulted in a reduced salinity in FESOM-C simulations. Pätsch et al. (2017) show that most models used for simulations of the North 135 Sea have errors similar to TRIM-NP in the region of FESOM-C open boundary. For final simulations, we used data from hydrography reconstructions based on optimal interpolation by Núñez-Riboni and Akimova (2015) . Monthly resolved data are linearly interpolated by the model on the current time step. Relaxation time parameter of 15 days (half time of available data resolution) in case of propagation into the domain and 5 days if propagation is out were applied for temperature and salinity at the open boundary. Details of open boundary implementation are described by Androsov et al. (2019) . Open boundary 140 conditions based on observations improved model results in terms of mean salinity.
To set the correct boundary conditions for the non-linear shallow water equations one needs information not only about the water sea level, which is accessible from tidal databases, but also about the velocity field, which is generally lacking. As a result, one must confine oneself to the case where it is enough to set the water level at the open boundary and to equate tangential velocity at the inflow to zero, if possible. Another simplified method, used in this simulation is to use a cutoff function whereby 145 advection and diffusion are not computed at the boundary and the second boundary condition is not set at the inflow (Androsov et al. (1995 (Androsov et al. ( , 2019 ).
Sea surface elevation at the open boundary was prescribed by amplitudes and phase for nine (M2, S2, N2, K2, K1, O1, P1, Q1 and M4) most significant tidal harmonics in this area. Data from regional tidal solutions for European Shelf 1/30 0 of TPXO model (Egbert and Erofeeva, 2002) were interpolated on open boundary locations. For the sensitivity study of M2 wave 150 propagation only data for M2 tidal harmonic were used. These data were extracted from Danilov and Androsov (2015) who modeled the full North Sea with the previous version of the FESOM-C model.
Rivers
Strong cross shore salinity gradients in shelf areas like SeNS are mainly defined by fresh water supply from rivers. To prescribe freshwater supply the observed daily river runoff and temperature from Radach and Pätsch (2007) were used. The salinity of 155 0.1 [psu] was used for river water. In total, 9 freshwater sources were prescribed, see table 1.
During simulation period several "flood" events with a significant increase in water discharge during winters of 2011, 2012, 2013 and summer 2013 year were observed. Details on the influence of summer "flood" event 2013 are described by Voynova et al. (2017) .
Meshes and vertical resolutions
For simulation from 2010 to 2014 mesh with low resolution (spatial resolution between 4 and 1 km with 43318 numbers of vertices) and 21 vertical sigma layers was used. All meshes were constructed by Gmsh mesh generator Geuzaine and Remacle (2009) with Blossom-Quad method Remacle et al. (2012) and consist mainly of quadrilaterals. It was shown by Androsov et al. (2019) that the quality of quadrilaterals meshes constructed by Gmsh, even in the presence of acute angles and degenerate quadrangles, is good enough for solution convergence and stability of FESOM-C. Same method was used to construct two 165 additional meshes with different spatial resolution for simulations in Section 4 for discussion on convergence of numerical solution.
Simulation results
In this section we present basic validation of the simulation carried out on a mesh with variable resolution about 1 km -4 km in the SeNS area for 5 years (from 2010 to 2014 years). It was mentioned that the SeNS area is the one with the largest amount of 170 observations. The amount of data significantly increased over last years with developing of new instruments. A significant part of the observed data is collected in several databases such as EMODnet and COSYNYA. Nevertheless, there is no consistent database and method for model validation in this area.
Tidal dynamics
Tides are one of the main driving force in this area. Their accurate representation is one of the most critical factors for a 175 successful description of coastal dynamics.
The ability of the model to accurately reproduce tidal dynamics have been demonstrated in the previous work Danilov and Androsov (2015) , Androsov et al. (2019) . To test the performance of current model setup to reproduce main tidal harmonics in long-term simulations we analyzed the observed sea level height on several stations in the region by extracting amplitudes and phase of 9 harmonics to compare with model results. Also, a sensitivity run with only M2 harmonic prescribed at the open 180 boundary was performed.
M2 tide
To test the ability of the model to reproduce main tidal wave (M2 harmonic) in the SeNS domain we constructed an additional 2D barotropic setup (by switching off the baroclinic part) with only the elevation from M2 tide wave prescribed at the open boundary. To get a clear tidal wave and make analysis simpler and more accurate, atmospheric forcing is not included in this Figure   2 (a,b) by the black dots. The observed values of amplitudes and phases were based the period from 2010 to 2014 years and 210 calculated using the uTide python module (Codiga (2011) ). Stations for model validations were selected in such a way that available observed values cover the period of simulations and are located at points interesting for tidal dynamics positions. Two stations "K13a3" and "HoekVanHolland" are situated close to one of the amphidromic points of M2 tidal wave. "Helgoland"
and "Cuxhaven" stations are located in the area were M2-only simulations shows maximum deviation from observations. Both "HoekVanHolland" and "Cuxhaven" stations are the land stations. The amplitudes and phases simulated with FESOM-C 215 correspond well to the observations and are the same or better than the TPXO model when M4 tide constituent are compared.
"HoekVanHolland" station is exceptional, here FESOM-C shows higher amplitudes for M2 and M4. The region in this area is poorly resolved in the current version of model setup with approximately 4 km distance between mesh verices, so errors in bathymetry play the most significant role here. Moreover, data from this area used for assimilation in TPXO model. At the same time comparison of results on "Cuxhaven" station were FESOM-C has significantly higher resolution than TPXO shows the shows high correlations between modeled and observed values. The standard deviations (STD) are rather close for all stations (see table 2 ). 3.5 Time series of temperature and salinity.
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The South-North sea area is rich in observational data that makes this area interesting for model calibration and validation.
Validation of the model was done using an automated system for validation that was introduced in the new model version.
With a special structure of model output module providing an output at separated predefined stations, the model can be directly compared to the collection of observed time-series from various databases, which is much larger than the set of stations dealt 3.6 Salinity and temperature, ferry lines.
Near shore area in the SeNS is characterized by strong lateral density gradients. The density gradient is defined by the salinity 275 gradient mainly due to fresh water supply from rivers (Gräwe et al. (2016) ) and by temperature gradient influenced by different It is known that the dynamics of the baroclinic system is determined by the difference in the density of water masses.
Similarly to Gräwe et al. (2016) , in the Figure 10 and Figure 9 , we give anomalies in temperature and salinity for the three 310 ferry lines. As can be seen from the figures, both density constituents (temperature Figure 10 and salinity Figure 9 ) play a significant role in the formation of the density gradient ( Figure 11 ). This comparison allows us to evaluate the potential source of error for the model. Anomalies were calculated separately for each ferry section, thus seasonal differences were eliminated.
However, the comparison of only the anomalies of the model does not tell about absolute values. Statistics of this comparison are shown in the table 3 and the Figure 12 and 13 for absolute values and anomalies.
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Basic statistic of available data and comparison with the model are shown in table 3. The total number of measured points is more than 2.000.000 during more than 2000 ferry transects. Data from CI and BH ferry lines cover the whole modeled period from 2010 to 2015 years and gaps (white area at figures) during winter (BH) and summer (CH) time. CI ferry line has fewer gaps in time during 2010 -2012 years. The second part of the simulated period is not covered by data from CI ferry except for some data at the end of the 2014 year. CI ferry line has much longer transect compared to two others and mostly represents 320 water masses with a high salinity of more than 34 PSU (see Figure 13 blue bars). BH and CH ferry lines running mostly in the region of the river Elbe fresh water influence area where salinity varies from 10 to 35 PSU for CH and 20 to 35 PSU for BH.
RMS error of anomalies in general smaller than corresponding RMSE of absolute values shown in brackets. resolution is needed in different regions. To find the optimal resolution we performed several sensitivity simulations.
Solution convergence on different meshes
One of the important stages of the preparatory work is the selection of the optimal mesh resolution in the modeled region. We understand optimal mesh resolution as a compromise between the efficiency of computations and the quality of the simulated 415 dynamics. A preliminary calculation on the sequence of meshes allows us to estimate the convergence of numerical solutions.
We constructed three different meshes for our experiments. All meshes were generated by the Gmsh mesh generator (Geuzaine and Remacle (2009) ). The first one (m8) has a spatial resolution between 4 and 1 km with 43318 numbers of vertices. The (Figure 16c ). There is practically no difference between the solutions on the average and the most detailed meshes ( Figure   16d ). The analysis shows that for modeling simulations the m5 mesh will be optimal for the quality of the solution, but the solution on a coarser mesh (m8) will not introduce significant errors in the model results. 
Conclusions
First fully realistic three-dimension multi-year baroclinic hindcast simulations with newly developed FESOM-C model were high scalability. It was shown that it works on meshes with more than 20 000 000 vertices. Newly developed methods for postprocessing on unstructured meshes with a rapidly growing community significantly improved the overall performance of such modeling from the preparation of setup to final plotting. Together with the absence of problems related to one or two-way
